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SUMMARY

1. The release of vasoactive intestinal polypeptide (VIP) into venous blood from
the small intestine of the cat was studied when mechanically stimulating the in-
testinal mucosa and during close intra-arterial infusions of 5-hydroxytryptamine
(5-HT) or isopropylnoradrenaline. The studies were performed on anaesthetized cats
given atropine.

2. Mechanical stimulation of the intestinal mucosa induced a vasodilatation and a
release of VIP into the intestinal venous blood. Intra-arterial administration of
tetrodotoxin was given in doses that blocked the vasoconstrictor effect of the regional
sympathetic nerve fibres. This also abolished the vascular response and the release of
VIP into blood upon mechanical stimulation.

3. Close intra-arterial administration of 2-bromo-lysergic acid diethylamide
reduced the VIP release and the intestinal vasodilatation upon mucosal stimulation
to largely the same extent.

4. Close intra-arterial infusions of 5-HT produced a marked release of VIP from
the intestine and a moderate vasodilatation. Close intra-arterial infusions of iso-
propylnoradrenaline, which caused a pronounced intestinal vasodilatation, evoked
only a small release of VIP.

5. The results are compatible with the hypothesis that the vasodilatation in the
gut, induced by mechanical mucosal stimulation, is mediated via an intramural
nervous reflex containing a neurone capable of releasing VIP. It is proposed that the
nervous reflex is activated by the release of 5-HT from the enterochromaffin cells
evoked by mechanical stimulation of the mucosa.

INTRODUCTION

Mechanical stimulation of the intestinal mucosa elicits a marked hyperaemia in the
feline gut (Biber, Jodal, Lundgren & Svanvik, 1970; Biber, Lundgren & Svanvik,
1971). This vasodilatation is evidently induced by the activation of a local intramural
nervous reflex since it is blocked by intraluminal administration of lidocaine, a local
anaesthetic agent, or by intra-arterial administration of tetrodotoxin, a nerve
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conduction blocking agent (Biber et al. 1971). Furthermore, a pharmacological
analysis (Biber et al. 1971; Biber, Fara & Lundgren, 1974) revealed that this nervous
reflex hyperaemia was not blocked by the conventional adrenergic, cholinergic or
ganglionic receptor blocking agents. On the other hand, blocking the 5-hydroxy-
tryptamine (5-HT) receptors in the small intestine abolished the vascular response
on mechanical intestinal stimulation. Vasoactive intestinal polypeptide (VIP), a
basic octacosapeptide with potent vasodilator activity, was recently demonstrated

Mechanical stimulation
Chemical stimulation?
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Fig. 1. Hypothetical arrangement of the nervous reflex underlying the vasodilator
response seen upon mechanical stimulation of the intestinal mucosa. It is proposed
that the mechanical stimulation releases 5-hydroxytryptamine (5-HT) from the
enterochromaffin cells which, in turn, activate a nervous reflex arc which contains a
neurone releasing vasoactive intestinal polypeptide (VIP) as a transmitter. The
number of neurones in the arc is arbitrarily set at two but the existence of a synapse
has not been shown. For details see text.

to be released from the intestine upon mechanical stimulation of the mucosa
(Fahrenkrug, Haglund, Jodal, Lundgren, Olbe & Schaffalitzky de Muckadell, 1978).
VIP has an unbiquitous occurrence in the body localized in neurones (Larsson,
Fahrenkrug, Schaffalitzky de Muckadell, Sundler, Hakansson & Rehfeld, 1976).
The VIP-containing nerves are particularly frequent in the gut and seem to innervate
small vessels and smooth muscle cells.
From the observations briefly summarized above the hypothetical reflex arrange-

ment illustrated in Fig. 1 may be envisaged. (For a more detailed discussion of this
reflex arrangement see Biber et al. (1974) and Fahrenkrug et al. (1978)). According to
Fig. 1 the mechanical and/or chemical stimulation of the enterochromaffin cells
release 5-HT, stimulating free nerve endings located adjacent to the cells (Biber,
1973), which, in turn, activate the reflex arc. The number of neurones involved in the
reflex is arbitrarily set to two in Fig. 1 but the presence of a nervous synapse has not
been demonstrated.
The hypothetical reflex arrangement of Fig. 1 forms the basis for the present

experiments. According to Fig. 1 it should be possible to diminish or abolish the
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release of the VIP, observed upon mechanical stimulation of the mucosa, by admin-
istering a nerve conductivity blocking agent or a 5-HT receptor blocking agent.
Furthermore, the intravascular administration of 5-HT should release VIP from the
gut. The results of such experiments are reported below.

METHODS
Operative procedures

Experiments were performed on sixteen cats of both sexes weighing 2-0-4-5 kg. The animals
were deprived of food for 24 hr with free access to water. Anaesthesia was induced with ether
and maintained with chloralose i.v. (50 mg/kg body wt.). Body temperature was kept around
38 'C by means of a heating pad under the animal.
The abdomen was opened in the mid line after insertion of a tracheal cannula and one or two

jejunal segments below flexura duodeno-jejunalis were chosen for the experiment. The length of
the segment was about 15 cm and the total weight including the mesenteric lymph nodes
amounted to 20-35 g. The remainder of the small intestine, the spleen, the great omentum and
the colon were extirpated. The splanchnic nerves were cut bilaterally. One adrenal gland was
denervated and the other excluded from the circulation by ligatures.

After heparinizing the animal, the left femoral artery was cannulated and connected to a
pressure transducer (Statham P23 AC) to record mean arterial pressure. After cannulation of the
superior mesenteric vein the venous outflow from the jejunal segment was measured by an
optical drop recorder unit operating an ordinate writer. The blood was returned to the animal
via a funnel connected to a catheter in a jugular vein. During the experiments the jejunal seg-
ment was wrapped in saline-soaked gauze and kept at body temperature by means of a thermo-
couple recorder and a lamp. Recordings of arterial pressure and blood flow were made on a Grass
polygraph.

In some experiments the distal ends of the severed splanchnic nerves were mounted on silver-
ring electrodes. Square-wave stimuli were delivered from a Grass stimulator (S5) to activate the
regional vasoconstrictor fibres. Stimulation characteristics were set at 5-8 V, 5 msec and 8 Hz.

Close I.A. injections into the superior mesenteric artery were made via a cannula retrogradely
inserted into the arterial branch that supplies proximal parts of the colon.

Experimental procedures
In some experiments mechanical stimulation of the intestinal mucosa was performed by pulling

a short piece of plastic tube gently back and forth through the jejunal lumen by means of soft
strings tied at the ends of the tube. This stimulation procedure was repeated every 20 sec during
a 2 min period.
The blood samples for VIP determinations were collected via a T-tube connected to the

venous drop recording unit. The blood was collected in ice-cooled plastic tubes (volume 3 ml.)
containing 100 pl. (1000 K.I.E.) of the protease inhibitor aprotinin (Trasylolg, Bayer AB,
Leverkusen, G.F.R.). Venous samples were taken 10, 5 and 0 min before and 0-5, 1, 2, 10, 15 and
30 min after the start of the mechanical stimulation. The tubes were kept on ice until centrifuga-
tion. One ml. plasma was pipetted off and frozen at -20 °C.

In other experiments 5-HT or isopropylnoradrenaline were infused for 5 min through the
arterial cannula in the superior mesenteric artery. Venous samples were then taken 10, 5, 0 min
before and 0 5, 2, 4, 10, 15 and 30 min after the start of the infusion. The blood samples were
collected and treated as described above.
In most experiments arterial samples were collected at regular intervals throughout the

experiments.

Laboratory analysi8
The concentration of VIP in plasma was measured radioimmunochemically. Details on

accuracy, precision, sensitivity and specificity have been described previously (Fahrenkrug &
Schaffalitzky de Muckadell, 1977, 1978). 5-HT in concentrations up to 0-5 g/l., concentrations
which are far above those obtained during infusion, did not interfere in the VIP assay.
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CaZculation8 and 8ta8tital anaiys8i
The rate of release of VIP from intestine into blood was calculated from the arterio-venous

plasma VIP concentration difference, blood flow and hematocrit. The release of VIP evoked by
the mechanical stimulation was calculated as the total amount of VIP discharged in excess of
the control release during and after the stimulation period.

Statistical analysis was performed using the Wilcoxon matched-pairs signed-ranks test or the
sign test (Siegel, 1956). Differences resulting in P values less than 0-05 were considered sig-
nificant.

Drug8
Through the cannula in the superior mesenteric artery the following drugs were given:

tetrodotoxin (Sigma Chemicals Co., St Louis, Mi.), isopropylnoradrenaline sulphate and 2-
bromo-lysergic acid diethylamide (BOL 148, Sandoz). All animals were given atropin (1 mg/kg
body wt.) i.v.
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Fig. 2. The effects on venous plasma VIP concentration and intestinal blood flow of
mucosal mechanical stimulation for two min (signals3) before (left panels) and after
(right panels) I.A. amnsrton of tetrodotoxin. Filled circles denote median values
and interrupted lines indicate total range (n = 6).

RESULTS

Effects of tetrodotoxin
In five experiments tetrodotoxrin (TTX) was given close I.A. in such amounts

(about 2 ,pg/kg body wt.) as to completely abolish the vasoconstriction elicited by
electrical stimulation of the regional sympathetic fibres. The intestinal mucosa was
then mechanically stimulated for 2 min and intestinal venous samples were taken as
indicated in the Methods. Fig. 2 and Table I summarize the experimental results
before and during TTX blockade.
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It is evident from Fig. 2 that the increase ofvenous VIP concentration produced by
mechanical stimulation of the intestinal mucosa was markedly reduced or totally
abolished after TTX administration. Concomitantly the vascular response dis-
appeared. Table 1 gives the results from three experiments in which it was possible
to determine the release of VIP into blood before and after TTX. It is seen that
virtually no VIP was released upon mechanical stimulation after nerve conduction
blockade. It was also noted that the 'spontaneous' release of VIP from the gut was
decreased after blocking nerve conduction in the intestinal segments.

TABSi 1. Release of VIP during control conditions and in connexion with a 2 min mechanical
stimulation before and after close I.A. administration of tetrodotoxin (TTX)

Rate of VIP release during Total release upon mechanical
control stimulation

(p-mole.min-'. 100 g-1) (p-mole. 100 g-1)
I-~~A A

Experiment Before TTX After TTX Before TTX After TTX

1 2.9 1.0 35-1 0.3
2 5-2 1.1 49.4 0
3 1-5 0 5 23-0 0

Effect of 2-bromo-LSD
In five experiments the 5-HT receptor blocking agent 2-bromo-LSD (Gershon,

1977) was administered close I.A. (around 300 gg/kg body wt.) and the effect of
mechanical mucosal stimulation on the VIP release and the intestinal hyperaemia
were studied. Fig. 3 and Table 2 summarize the results.

Fig. 3 illustrates that the increase of venous plasma VIP concentration seen upon
mechanical stimulation was significantly (P < 0.05) less pronounced after administra-
tion of 2-bromo-LSD. It was noted that the decrease of VIP plasma concentration
after mechanical stimulation occurred significantly faster after giving the 5-HT
blocking agent, the prestimulatory level being reached only 10 min after the mech-
anical stimulation. Furthermore, in all experiments except one the vascular response
seen upon mechanical mucosal stimulation was reduced below 20% of the response
seen before giving 2-bromo-LSD.
The results presented in Table 2 show that VIP release upon mechanical stimula-

tion decreased to values below 20% of control after administration of the 5-HT
receptor blocking agent in all experiments except one (expt. 5). In the last-mentioned
experiment the VIP release was only halved and a marked hyperaemia persisted upon
mechanical stimulation, amounting to about 70 % of the one seen before drug
administration. Table 2 also shows that 'spontaneous' VIP release from the gut
during control conditions was reduced in all experiments after treatment with 2-
bromo-LSD.

Infuwion of 5-HT and i8opropylnoradrenaline
Close L.A. infusions of5-HT (4-18 ,sg/min) and isopropylnoradrenaline (1-3 ,ug/min)

were performed in five experiments and their effects on the intestinal resistance
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Fig. 3. Venous plasma VIP concentrations and intestinal blood flow observed before,
during and after mechanical stimulation of the intestinal mucosa for 2 min (signals).
The left panels illustrate the results seen during control conditions while the right ones
illustrate the observations made after I.A. injection of 2-bromo-LSD. Filled circles
denote median values and interrupted lines indicate total range (n = 5).

TABLE 2. Release of VIP during control conditions and in connexion with a 2 min mechanical
stimulation before and after a close I.A. injection of 2-bromo-LSD (BOL)

Rate of VIP release during
control

(p-mole.min-1. 100 g-')
Ere A f B

Experiment Before BOL After BOL

1
2
3
4
5

2*1
1-5
2-1
0*9
0*7

1*4
0*7
1.0
0-8
0*6

Total release upon mechanical
stimulation

(p-mole. 100 g-1)
Before BOL AfterBOL

Before BOL After BOL

4*6
20*9
37*8
15*5
20*5

0*9
2*8
3-0
2*2

10-7

TABLE 3. Release of VIP in connexion with close I.A. infusions of 5-HT and
isopropylnoradrenaline. The drugs were infused for 5 min

Total release (p-mole. 100 g-1)
E A - A

Experiment 5-HT Isopropylnoradrenaline
136
87
184
209
58

Not determined
1.0
9*0
5 0
8*6

554

300 -

200 -

100 -

ZU
-1

E a,
( o

0
Qc
aCo

0- 0 II -I

0

0

.0T--: C,

._;E(U$

w -
C' E

1
2
3
4
5

6C

4C

2(

I

r, I I I I



VIP, 5-HT AND INTESTINAL HYPERAEMIA 555

vessels and VIP release into blood were followed. Fig. 4 and Table 3 summarize the
results.

Fig. 4 shows that the venous plasma VIP concentration increased markedly
during and after the 5-HT infusion. During the infusion of isopropylnoradrenaline,
on the other hand, venous plasma VIP concentration increased only transiently
during the first min of infusion and then remained below the preinfusion control level
throughout the 30 min observation period. Both drugs infused increased blood flow.
Estimating the total VIP release in connexion with the two types of infusions
revealed that 5-HT produced a 7-87 times greater release of VIP from the gut than
isopropylnoradrenaline (Table 3).
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Fig. 4. The effects of close L.A. infusions of 5-HT (left panels) and isopropylnoradrenaline
(right panels) on venous plasma VIP concentrations and intestinal blood flow. The
infusions were maintained for 5 min (signals). Filled circles denote median values and
interrupted lines indicate total range (n = 5).

DISCUSSION

The present study has revealed that the VIP released from the gut upon mechanical
stimulation emanates from the VIP-containing neurones since the release is blocked
by TTX. This neurogenic release of VIP is apparently markedly decreased by the
administration of a 5-HT receptor blocking agent. On the other hand, VIP is released
in huge amounts upon close intra-arterial administration of 5-HT. The results are

therefore in agreement with the hypothesis outlined in the Introduction and in
Fig. 1.
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The hypothesis of Fig. 1 implies that 5-HT is not involved in the reflex vasodilata-

tion via a direct effect on the vascular smooth muscle cells or as a neurotransmitter
at a synapse but is released from the enterochromaffin cells. This conclusion is based
on the following line of evidence. Biber, Fara & Lundgren (1973) showed that it was
possible to block with TTX the intestinal vasodilatation induced by close I.A.
injection of 5-HT, implying that the hyperaemia was nervously mediated. However,
several laboratories have failed to demonstrate 5-HT in the nerveplexa of the
mammalian small intestine (Ahlman, Enerbick, Kewenter & Storm, 1973; Ahlman &
Enerbick, 1974; Dubois & Jacobowitz, 1974; Norberg, 1964; Read & Burnstock,
1968) even in studies using cytofluorometric techniques to differentiate bet, -een
noradrenaline and serotonin (Ahlman & Enerbick, 1974). On the other hand, abun-
dant stores of 5-HT were found in the enterochromaffin cells.
The close I.A. infusion of isopropylnoradrenaline also evoked a release of VIP.

This effect may be mediated via 5-HT in the way proposed in Fig. 1, since the 5-HT
content in the enterochromaffin cells decreases when exposed to isopropylnor-
adrenaline (Petterson, Dahlstr6m, Larsson, Lundberg, Ahlman & Kewenter, 1978).
Quantitatively, the VIP release observed during and after a 5 min infusion of
isopropylnoradrenaline was on an average only 20-25% of that released during and
after a 2 min mechanical stimulation period (Tables 1-3). Thus, the VIP releasing
effect of isopropylnoradrenaline seems to be fairly weak and the pronounced vaso-
dilatation observed during isopropylnoradrenaline infusion in all probability reflected
the direct action of the drug on the vascular smooth muscles.
The results on the haemodynamic effects of TTX and 2-bromo-LSD reported in

this study are in full agreement with the observations reported by Biber et al. (1971,
1974). These authors provided further experimental evidence for the involvement of
5-HT in the reflex hyperaemia by blocking the vascular effects by making the
intestine tachyphylactic towards 5-HT and by the administration of another 5-HT
receptor blocking agent, dihydroergotamine. Biber et al. (1974) also demonstrated
the release of 5-HT from the gut upon mucosal mechanical stimulation. In a recent
study by Beubler & Juan (1978) a vasodilatation was observed upon the mechanical
stimulation of the intestinal mucosa of the rat. This hyperaemia was not abolished by
methysergide, a 5-HT receptor blocking agent. B. Biber (unpublished observations)
was also unable to block with methysergide the vasodilatation evoked by close I.A.
injection of 5-HT or by mechanical mucosal stimulation. These observations may be
ascribed to the fact that methysergide mainly blocks 5-HT receptors on smooth
muscles rather than on nervous tissue (Gershon, 1977).

Beubler & Juan (1978) also provide experimental evidence for the release of
prostaglandins from the tissue in connexion with the mechanical stimulation of the
mucosa. They proposed that this compound was responsible for the vasodilatation
although they could only reduce but not abolish the reflex hyperaemia with indo-
methacin. It cannot, however, be excluded that the prostaglandin release reflected
pathophysiological events due to, for example, tissue trauma rather than a truly
physiological situation.
The physiological importance of this local nervous reflex is not established but it

has been inferred (Biber et al. 1971) that the reflex represents one of several mech-
anisms underlying the functional hyperaemia observed in connexion with digestion.
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It seems reasonable to assume that the mechanical stimulation of a food bolus in the
gut may produce such a reflex nervous hyperaemia at the site of absorption, by an
initial release of 5-HT from the enterochromaffin cells which subsequently activates
the VIP-ergic neurones.
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